In this joint experimental and theoretical work magnetic properties of the Cu 2+ mineral szenicsite Cu3(MoO4)(OH)4 are investigated. This compound features isolated triple chains in its crystal structure, where the central chain involves an edge-sharing geometry of the CuO4 plaquettes, while the two side chains feature a corner-sharing zig-zag geometry. The magnetism of the side chains can be described in terms of antiferromagnetic dimers with a coupling larger than 200 K. The central chain was found to be a realization of the frustrated antiferromagnetic J1-J2 chain model with J1 68 K and a sizable second-neighbor coupling J2. The central and side chains are nearly decoupled owing to interchain frustration. Therefore, the low-temperature behavior of szenicsite should be entirely determined by the physics of the central frustrated J1-J2 chain. Our heat-capacity measurements reveal an accumulation of entropy at low temperatures and suggest a proximity of the system to the Majumdar-Ghosh point of the antiferromagnetic J1-J2 spin chain, J2/J1 = 0.5.
I. INTRODUCTION
The study of low-dimensional, particularly onedimensional spin-1/2 magnets, developed into a field of its own, because these materials provide a unique possibility to study ground and excited states of a large variety of quantum models with very high accuracy 1,2 . Despite their conceptual simplicity, these models provide rich magnetic phase diagrams 3, 4 arising from a complex interplay of quantum fluctuations, exchange interactions and lattice topology, which often result in magnetic frustration. In one dimension, the simplest frustrated geometry is the J 1 -J 2 chain, where J 1 and J 2 stand for nearest-neighbor (NN) and next-nearest neighbor (NNN) exchange couplings, respectively (Fig. 1) . As soon as J 2 is antiferromagnetic (AFM), the chain is frustrated, irrespective of the sign of J 1 . The magnetic ground state (GS) of the system is governed by the frustration ratio α = J 2 /J 1 .
Real materials entail non-zero interchain couplings that may trigger long-range magnetic order at low temperatures. If J 1 is ferromagnetic (FM), i.e., J 1 < 0, ferromagnetic order along the chain is stabilized for the regime −0.25 < α ≤ 0. At α = −0.25, the system undergoes quantum phase transition to an incommensurate spiral state ( Fig. 1 ) [5] [6] [7] [8] . The resulting spin helix interpolates between the FM chain and the limit of two decoupled AFM chains at α = −∞ [9] [10] [11] [12] . Materials with the helical order were recently recognized as potential multiferroics [13] [14] [15] [16] [17] [18] . In a magnetic field, intricate phase relations have been predicted for the J 1 -J 2 model 4,19-22 and were also studied experimentally 23, 24 .
In the second type of the frustrated J 1 -J 2 chains, both J 1 and J 2 couplings are AFM. This regime is very different from the ferromagnetic one. For α > α c 0.241 25 , a spin gap is opened 26 , and the chain is effectively in the dimerized state. At the Majumdar-Ghosh point (α = 0.5), an exact ground state is represented by a superposition of spin singlets 27 . The gap opening can be assisted by a structural dimerization. In the spin-Peierls compound CuGeO 3 (α 0.35), spin-lattice coupling controls the opening of the spin gap and the formation of soliton phases in external magnetic field 28, 29 . Interestingly, no gapped AFM J 1 − J 2 chain material without the spin-lattice coupling has been reported. While the α > α c regime has been proposed for (N 2 H 5 )CuCl 3 [30] [31] [32] and KTi(SO 4 ) 2 ·2H 2 O 33,34 , the presence of a spin gap in these materials remains to be probed experimentally.
In the present work, we demonstrate that the physics of AFM J 1 -J 2 -chains can be observed in the Cu 2+ mineral szenicsite whose crystal structure features isolated slabs of triple-chains of Cu 2+ ions. Recent studies of this compound 35, 36 suggested a magnetic model of uniform AFM spin chains that, however, was derived empirically and turns out to be insufficient for describing the experimental data. In our study, a consistent microscopic magnetic model is derived from density-functional theory (DFT) calculations. This model fully captures the results of our thermodynamical measurements. Based on the DFT-results, we develop an effective microscopic magnetic model, demonstrating that at low temperatures szenicsite can be described in terms of an AFM J 1 -J 2 chain with a weak alternation of NNN couplings. Computed exchange couplings as well as our model analysis of the experimental data reveal the J 2 /J 1 ratio of 0.4-0.5 and place the system in the dimerized phase of the J 1 -J 2 chain model in close proximity to the MajumdarGhosh point.
The paper is organized as follows: The applied experimental and theoretical methods are described in Sec. II. Sec. III contains details of the crystal structure of szenicsite. Exchange couplings calculated within DFT and the effective magnetic model will be presented in Sec. IV. Sec. V contains experimental results and their model analysis. Detailed discussion and summary are given in Secs. VI and VII, respectively. We also compare szenicsite to the isostructural mineral antlerite, Cu 3 (SO 4 )(OH) 4 , that demonstrates idle-spin behavior 37, 38 .
II. METHODS
All experimental data were collected on a natural polycrystalline sample (Fig. 2) of szenicsite from the type locality of this mineral, the Jardinera No.1 mine, Atacama region in Chile. Particularly for natural compounds, sample quality is a crucial issue, which we thoroughly checked with laboratory powder x-ray diffraction (XRD) (Huber G670 Guinier camera, CuK α 1 radiation, ImagePlate detector, 2θ = 3 − 100
• angle range). This analysis yielded pure szenicsite without any detectable other phases 39 . Additionally, high-resolution XRD data were collected at room temperature and at 80 K at the ID31 beamline of the European Synchrotron Radiation Facility (ESRF, Grenoble) at a wavelength of about 0.4Å. No detectable structural changes were observed, and the refined structural parameters agreed nicely with the available single crystal data 40 . Magnetization was measured using Quantum Design (QD) SQUID MPMS in static fields up to 5 T and using vibrating sample magnetometer (VSM) setup of QD PPMS up to 14 T in the temperature range of 1.8-400 K. Measurements up to 50 T were performed in pulsed fields at the high magnetic field laboratory of the HelmholtzZentrum Dresden-Rossendorf (HZDR). Heat capacity data were acquired with the QD PPMS in fields up to 14 T and at temperatures down to 0.5 K using the 3 He insert.
Electronic structure calculations within DFT were performed with the full-potential local-orbital code fplo9.07-41 41 in combination with the local density approximation (LDA) 42 , generalized gradient approximation (GGA) 43 , and local spin density approximation (LSDA)+U methods 44, 45 . A well-converged k-mesh of 4×6×12 points was used for LDA and GGA runs, while supercells were computed for about 20 k-points in the irreducible wedge of the first Brillouin zone.
Accurate hydrogen positions, which are essential for calculating exchange couplings 46, 47 , are hard to obtain experimentally with XRD. The positions provided in the literature 40 were determined using empirical constraints. We thus determined the atomic H-positions by a structure optimization with respect to the total energy using the GGA DFT-functional. Thereby, lattice parameters and the positions of all other atoms in the unit cell are fixed to their experimental values.
Exchange coupling constants were calculated within DFT following two different, complementary strategies. First, an LDA band structure is calculated. Since strong electronic correlations are not properly described in LDA, it typically yields spurious metallic ground state. The half-filled bands at the Fermi level, however, allow identifying crucial exchange pathways and are sufficient for the calculation of the low-energy part of the magnetic excitation spectrum. A projection of these bands onto a tight-binding (TB) model yields transfer integrals t ij , which we calculated in the present case as off-diagonal Hamiltonian matrix-elements between Cu-centered Wannier functions (WFs). Next, to account for the strong electron correlations, the TB-model is supplemented by the effective on-site Coulomb repulsion, U eff , of electrons in the Wannier orbitals. This yields the single-band Hubbard model:Ĥ =Ĥ TB + U eff in i↑ni↓ . Subsequently, the Hubbard model is mapped onto a Heisenberg model
where the summation is over lattice bonds ij . This procedure is justified at t ij U eff and half-filling, as appropriate for szenicsite (Table II) . AFM contributions to the exchange constants J ij are then obtained in second order as J AFM ij = 4t the J ij are calculated from differences between total energies of various collinear (broken-symmetry) spin states 49 , which are evaluated in spin-polarized supercell calculations using the LSDA+U formalism. The double counting is corrected with an "around-mean-field" (AMF) approximation as implemented in fplo9.07-41. The onsite Coulomb repulsion of the atomic Cu(3d) orbitals, U d , was set to 6.5 ± 0.5 eV and the on-site Hund's exchange, J d , was fixed to 1.0 eV, the parameter set that is typically used for calculations of cuprates with fplo9.07-41 47, 50, 51 . Exact diagonalization (ED) and density-matrix renormalization group (DMRG) simulations of onedimensional spin models were performed using the code alps-1.3 52 . Periodic and open boundary conditions were used for ED and DMRG, respectively.
To analyze the specific heat measurements we applied the transfer-matrix renormalization group (TMRG) technique. 53, 54 In our calculations, about 200 states were retained in the renormalization procedure and the truncation error was less than 10 −4 down to T = 0.01|J1|.
III. CRYSTAL STRUCTURE
The extremely rare, dark-green Cu-mineral szenicsite, discovered in 1993, crystallizes in the orthorhombic space group P nnm with the lattice parameters a = 12.559Å, b = 8.518Å and c = 6.072Å 40 . Its unit cell contains 3 different Cu-positions. The CuO 4 plaquettes of the Cu2 and Cu3 sites share common edges and form planar chains running parallel to the c-direction (Fig. 2) . These chains are decorated by two strongly buckled side-chains consisting of corner-sharing plaquettes formed by Cu1 atoms. The resulting triple-chains are the central building block of szenicsite. Relevant Cu-O-Cu bridging angles and Cu-Cu distances, both of crucial importance for the exchange couplings, are given in Table II . The MoO 4 tetrahedra bond to the outer edges of the triple chains, but do not bridge different triple-chains with each other. These chains thus remain isolated.
The hydrogen positions, particularly the O-H distance and the angle between the O-H bond and the CuO 4 plaquette plane, are essential for the exchange couplings 46, 47, 51 . For example, a large out-of-plane angle of the hydrogen attached to the bridging oxygen reduces the transfer integral between the two Cu-sites and, accordingly, reduces J AFM ij , thus favoring a FM coupling 47, 51, 55 . The H atomic positions provided in the literature were obtained under empirical constraints 40 and, therefore, cannot provide the required accuracy. From optimization within DFT using the GGA-functional, we obtained the atomic H-positions listed in Table I . In the case of szenicsite, the tentative H-positions of Ref. 40 were very close to our optimized ones. However, it is worth noting that even small changes of the positions of H may have crucial effect on the exchange pathways, particularly when FM and AFM contributions of the same magnitude are involved.
The crystal structure of szenicsite is closely related to that of antlerite, Cu 3 (SO 4 )(OH) 4 40 , containing sulphate instead of molybdate anionic groups. The magnetic structure of antlerite has been intensively investigated 56-58 due to a proposed idle spin behavior 38 . However, despite large structural similarities, the magnetic properties of these two compounds are very different. In Sec. VI, the origin of this dissimilarity will be analyzed on the basis of structural and chemical differences between the two compounds.
IV. MAGNETIC EXCHANGE COUPLINGS
A. LDA results and the tight-binding model LDA calculations yield a broad valence band complex with the width of about 9 eV (Fig. 3) , which is very typical for cuprates 47, 51 . It arises from strong interactions between the O(2p) orbitals and the partially occupied Cu(3d) shell. Of interest for low-energy magnetic properties are only the partially filled bands around the Fermi level, which have antibonding pdσ* character. Local coordinate systems on the 12 Cu 2+ -sites per unit cell (the x-and z-axis are chosen as one of the Cu-O bonds and the direction perpendicular to the CuO 4 plaquette plane, respectively) facilitate the analysis of the isolated pdσ* complex between −1 and 0.6 eV, consisting of 24 bands, with respect to atomic orbital contributions.
The upper 12 bands are half-filled and predominantly of Cu(3d x 2 −y 2 ) character, while the lower 12 bands are fully occupied and feature dominant contributions from Cu(3d 3z 2 −r 2 ) orbitals. The separation of these two types of pdσ* bands arises from the Jahn-Teller distortion of the CuO 6 octahedra resulting in a 4+2 coordination with the CuO 4 plaquettes spanned by the four short bonds. A projection of the 12 half-filled bands onto local Cu(3d x 2 −y 2 ) orbitals yields 12 Cu-centered Wannier functions. A perfect agreement between the bands calculated within LDA and those obtained from the WFs (Fig. 3) is essential for the calculation of reliable transfer integrals t ij . It also demonstrates that on the Cu-sites only Cu(3d x 2 −y 2 ) orbitals are involved in the magnetism, while the Cu(3d z 2 −r 2 )-orbitals are fully filled and remain •47 . The alternation of the NNN couplings, J 2 and J 2 , is quite unusual for a J 1 -J 2 -chain but arises naturally from the two crystallographically nonequivalent Cusites Cu2 and Cu3. By far less trivial, regarding the similar bridging angles and bonding distances (Table II) While this LDA-based analysis provides a valuable first idea about the leading exchange pathways and magnetic dimensionality, it lacks the FM contributions which should play an important role, in particular for NN couplings with Cu-O-Cu bridging angles close to 100
•59 .
B. LSDA+U results and effective magnetic model
The exchange couplings computed with LSDA+U comprise both AFM and FM contributions, thus yielding the total J ij given in the last column of Table II triplet contributions virtually excited by the interchain couplings J a and J b . This step is typically performed up to second order of perturbation theory (e.g., Fig. 7 in Ref. 60) . Indeed, the second-order corrections to the NN coupling J 1 vanish due to a destructive interference of two types of virtual processes (p 1 and p 2 in Fig. 5 (a) ), where p 1 and p 2 involve one and two sites of the J D dimer, respectively. For the J 2 coupling, we find two virtual paths p 3 of the same type, which involve the two Cu1 side chains, leading to a finite correction J This result is in striking contrast to the empirically derived model of Ref. 35 , where purely AFM couplings with J D = J D = J 1 were assumed, and a uniform chain model was accepted, even though it could not reproduce the experimental susceptibility data. The LSDA+U results will be challenged in the next section, where our proposed effective microscopic magnetic model serves as basis for the interpretation of thermodynamical data.
V. EXPERIMENTAL DATA AND MODEL ANALYSIS
A. Magnetic susceptibility Susceptibility data for szenicsite feature a broad maximum at about 80 K. The upturn below 30 K arises from paramagnetic imperfections. No field dependence except for the suppression of the low-T upturn in higher magnetic fields was observed 39 . For fitting the susceptibility data we use the general expression χ(T ) = χ 0 + C imp /T + χ spin (T ), where χ 0 accounts for the temperature-independent contribution, the second term stands for paramagnetic impurities, and the third term describes the intrinsic spin contributions. Different models for χ spin are employed (Table III) , where the number of parameters is limited to three. Models with more parameters produce ambiguous fits and are, thus, discarded.
As expected, the least satisfactory result is obtained with the uniform Heisenberg chain (UHC) model proposed in Ref. 35 , where the g-factor is much too large for the Cu 2+ ion. Moreover, there are deviations between the fitted and experimental curves close to the susceptibility maximum (Fig. 6) . A simple AFM dimer model provides a better fit, because J D is the leading energy scale of the system (Table II) . However, the g-value is now below 2.0, and the susceptibility maximum is again not well reproduced. By combining the dimer and UHC models according to χ spin = (2 · χ dimer + χ UHC )/3 (the number of dimers corresponds to their number per unit cell) and using the same g-factor for all Cu sites, we arrive at an excellent fit of the experimental curve. In this model, the dimers represent the side chain, and UHC represents the central chain. Despite the simple nature of the model, the estimated exchange couplings J D and J 1 agree quite well with those from LSDA+U calculations (Table II) , which lends strong support to our proposed microscopic magnetic model. The g-factor of 2.18 is within the typical range for cuprates 46, 51 . The impurity content of 3.6% (for spin-1/2 impurities) can be estimated from C imp .
Although the coupling J 2 can be included in the model as well, its value can not be determined unambiguously from the susceptibility fit, because different values of J 2 , including J 2 = 0, provide an equally good susceptibility fit down to low temperatures.
B. Specific heat measurements
No signs of anomalies or magnetic phase transitions have been previously observed in the specific heat data for szenicsite measured down to 1.9 K 35 . We performed measurements at even lower temperatures, down to 0.5 K, in order to probe the magnetic entropy of the system. Further measurements in elevated fields up to 14 T were carried out down to 2 K. Below 2 K, a broad shoulder is visible (see supplementary material 39 ), which becomes a Table III and main text).
prominent peak when plotting C p /T (T ). In zero magnetic field, it has a maximum at 1.2 K (Fig. 7 ) and shifts to higher temperatures and broadens with increasing magnetic field. Such a peak is in fact expected for an AFM J 1 -J 2 -chain proximate to the Majumdar-Ghosh point α = 0.5 61 .
According to the data provided in Ref. 61 , the position of the peak maximum in szenicsite corresponds to the α ratio between 0.4 and 0.5. We performed some more TMRG runs to narrow this range and arrived at a ratio of about 0.45 with J 1 = 44 K in reasonable agreement with the DFT results. Considerably lower values of α can be excluded, because they result in large deviations in either peak height or peak position. A comparison of the computed data and the experimental magnetic C mag /T result is shown in Fig. 8 . For comparison, we used the magnetic contribution C mag that was obtained by subtracting the lattice contribution C lat from the measured C p data, where C lat (T ) was approximated by fitting a c n T n , proposed by Johnston et al. 62 , to the C p (T ) data in the temperature range of 15-39 K 39 . The peak position and height is nicely reproduced in the simulation, but the peak shapes do not agree very well. We tested the effect of lowering the J 2 /J 2 ratio and found a moderate shift of the peak to lower temperatures. However, for ratios J 2 /J 2 > 0.8 expected from the DFT calculations, the shift is quite small, and the fitting of the peak profile is not improved. Therefore, we believe that deviations in the peak shape arise from other effects, such as the neglect of anisotropy or tiny interchain couplings, inevitably present in a real material. The anisotropy could be larger than in usual cuprates because of the small energy difference between the Cu(3d x 2 −y 2 ) and Cu(3d z 2 −r 2 ) orbitals (see Fig. 3 ). At this point, we refrain from the numerical treatment of these effects and leave this difficult problem to future studies.
C. High-field magnetization
The high-field magnetization curve M (H) (Fig. 9) generally agrees with the literature data (Fig. 4 in Ref. 35) . Two different regimes can be distinguished: in low fields up to 4 T, M (H) shows a steep increase followed by a more gentle increase up to the highest measured field (50 T). The low-field part is dominated by an extrinsic contribution originating from orphan spins and other S = 1 2 impurities. Their magnetization is described by the Brillouin function:
where n is the impurity content. The intrinsic contribution originates solely from the J 1 −J 2 −J 2 chains, because the side chains remain in the singlet state over the whole range of accessible magnetic fields. The M (H) curves calculated from ED and DMRG are shown in the inset of Fig. 9 . After a narrow flat region associated with the spin gap, the magnetization starts increasing up to h/h sat 0.8 (h 101 T assuming J 1 = 68 K from the susceptibility fit), which is well above the field range of our experiment. Therefore, the only experimentally traceable feature of this curve is the closing of the spin gap in low fields. We thus used a phenomenological expression:
whereH = H − ∆/gµ B , ∆ is the spin gap, and α and β are free parameters which depend on J 2 /J 2 and J 2 /J 1 ratios. Hence we can add M imp and describe the experimental curve as a sum of two contributions:
This way, we obtain a good agreement with the experiment for n = 3.4 % (compare to 3.6% from the susceptibility fit), α = 7.9×10 −4 , β = 8.1×10 −3 , and ∆ = 4.1 K (Fig. 9) . The only notable discrepancy between our model and the experiment is the cusp at H = ∆/gµ B , which is not seen in the experimental curve due to thermal broadening.
VI. DISCUSSION
The rare Cu-mineral szenicsite, Cu 3 (MoO 4 )(OH) 4 , has been discussed in the present paper, and its microscopic magnetic model has been derived. At first glance, the triple-chains of Cu 2+ ions in the crystal structure might be considered as 3-leg spin ladders. Our calculations of the exchange couplings and subsequent modeling of the experimental data, however, reveal that side chains split into simple dimers with a strong AFM coupling (> 200 K), which govern the high-temperature behavior. At low temperatures, the system can be mapped onto the AFM J 1 -J 2 model with the weak alternation of next-nearest-neighbor couplings (J 2 -J 2 ).
From DFT+U calculations we obtained the ratio J 2 /J 1 ≈ 0.5. Experimentally, this ratio is tracked by the position of the low-temperature peak in C mag /T resulting in J 2 /J 1 0.45, although the peak shape is not well reproduced. The spin gap is also sensitive to the J 2 /J 1 ratio 26 . Our magnetization data are consistent with a small spin gap of 4.1 K, about 6% of J 1 assuming J 1 = 68 K (see Table III ). In Fig. 10 , we show the spin gap of the J 1 − J 2 − J 2 frustrated spin chain calculated with DMRG. The spin gap ∆ 0.06J 1 is compatible with J 2 /J 1 = 0.45 and J 2 /J 2 0.8, in agreement with our TMRG analysis of the peak position in C mag /T .
The manifestation of the AFM J 1 -J 2 physics in szenicsite at low temperatures is essentially related to the formation of strongly coupled AFM dimers on the side chains. This could hardly be anticipated regarding the very similar bridging geometry for J D and J D . We will, thus, take a closer look at the details of these exchange pathways. In previous studies, we have pointed out the crucial importance of hydrogen atoms bonded to the bridging oxygen 46, 47 . However, the O-H distances and Cu-O-H angles involved in J D and J D differ only by 0.005Å and 1.95
• , respectively, which are way too small to account for the large difference in the coupling strengths. Another reason could be the MoO 4 groups bridging only the CuO 4 plaquettes along J D and not along J D (Fig. 11) . The WFs indeed exhibit sizable contributions from the MoO 4 groups, in particular O(2p) and small Mo(4d,5s) contributions, resulting in a considerably enhanced overlap along J D , which is responsible for the large AFM coupling. The molybdate group, however, does not affect the coupling J D , and here hydrogen atoms come into play. The O-H bond is rotated by 50.5
• out of the plane spanned by Cu1-O-Cu1, where O is the bridging oxygen in the side chain. This effect is responsible for the small t D = −33 meV, in contrast with a much larger value expected for the Cu-O-Cu bridging angle of 103.4
• based on the GKA rules 59 . By performing calculations for a hypothetical in-plane position of H, we obtained a much larger t D = −135 meV indeed. The same argument applies to t D , comprising a very similar out-ofplane position of H. This hopping would also increase to t D = −227 meV for the hypothetical in-plane position of H. Thus, both NN transfer integrals in the side chain increase by almost the same amount of about 100 K when hydrogens are moved in-plane. This tendency of an out-of-plane position of H suppressing the transfer probability agrees with our previous studies on Cu 2+ -minerals 47, 51, 63 . All other exchange couplings listed in Table II follow the GKA rules and are compatible with the size of the respective bridging angles (see Table II ). The strength of the NN coupling J 1 is typical for the edge-sharing geometry with a bridging angle of about 100
•46,47 . Remarkably, though, such a high bridging angle has not been seen in the majority of the J 1 -J 2 -chain compounds, where the lower bridging angles of 90 − 95
• produce FM J 1 . A recent nuclear magnetic resonance (NMR)-study on szencisite 36 proposed a different spin lattice consisting of uniform antiferromagnetic chains without a spin gap. However, the respective susceptibility fit could not reproduce the experimental data below about 80 K. The NMR spectra were measured at a magnetic field of 4 T where, according to our calculations, the spin gap is already closed. Therefore, experimental observations of Ref. 36 do not contradict our model.
While our thermodynamic measurements are consistent with the small spin gap expected in the J 1 -J 2 -model of szenicsite, experimental signatures of this spin gap are obscured by the impurity contribution that is very pronounced at low temperatures. Direct experimental probe of the spin gap is still open. NMR data at low fields may be useful in this respect, for they should be less affected by magnetic impurities than bulk properties, such as magnetization. Preparation of a synthetic sample would be interesting too and may help to observe the small spin gap even in thermodynamic measurements. Inelastic neutron scattering has sufficient energy resolution to probe the spin gap on the order of 4 K, but a synthetic deuterated sample would be required.
The crystal structure of szenicsite is closely related to that of antlerite, Cu 3 (SO 4 )(OH) 4 40 , which attracted interest due to the proposed "idle spin" behavior 37, 38 and its rich field-induced magnetic phase diagram 57, 58 . Both compounds feature very similar Cu-Cu distances and Cu-O-Cu angles, so that one would expect similar magnetic properties as well. However, the magnetic properties of the two compounds are actually very different. First, antlerite undergoes an LRO transition below 5.3 K 56 , which is not observed in szenicsite. Second, the Curie-Weiss fit provides a negative θ value of −1.96 K 37 , implying sizable ferromagnetic interactions. For szenicsite θ could be evaluated to about 68 K, and all couplings are AFM.
The differences between szenicsite and antlerite are mostly related to the side chains. For the side chains in antlerite, both J D and J D are reported as ferromagnetic 37, 58 , so that spin dimers are not formed, and spins in the side chains develop long-range magnetic order. For the central chain, both szenicsite and antlerite seem to represent the AFM J 1 − J 2 − J 2 -model, and the idlespin behavior (zero ordered moment in the central chain) is well accounted for by the spin gap formation in the J 1 − J 2 − J 2 -chain with AFM J 1 .
VII. SUMMARY
We reported magnetic behavior and microscopic magnetic model of the rare Cu 2+ -mineral szenicsite whose crystal structure features isolated triple chains. These chains consist of a central chain formed by edge-sharing CuO 4 plaquettes and two side chains built of cornersharing plaquettes with MoO 4 -groups attached. A consistent magnetic model could be derived on the basis of LDA and LSDA+U calculations of exchange coupling constants, fits of susceptibility data, and model analysis of the magnetization and heat capacity data.
Even though the crystal structure suggests a 3-legladder magnetic model, it turns out that the side chains can be reduced to AFM dimers with a coupling strength of about 200 K, where the central chain features an AFM NN coupling of about 68 K and alternating NNN couplings. The couplings between the chains are quite small, below 30 K, and of minor importance for the magnetic model because of the frustration and different energy scales in the side chains versus the central chain. Accordingly, the low-temperature physics of szenicsite is well described by an original version of AFM J 1 -J 2 model with alternating J 2 -J 2 couplings.
According to the J 2 /J 1 ratio of about 0.45, a small spin gap should be present in szenicsite. Its upper limit of about 4 K is consistent with our magnetization measurements. A similar mechanism of gap opening is likely responsible for the formation of idle spins in the closely related mineral antlerite. However, the physics of side chains is largely different in the two minerals. We ascribed these differences to effects of side groups and hydrogen positions that play crucial role for magnetic interactions in cupric minerals. 
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